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Abstract
Purpose: Clinical studies implicate low cerebrospinal fluid pressure (CSFP) or a high translaminar pressure difference in the
pathogenesis of primary open angle glaucoma (POAG) and normal tension glaucoma (NTG). This study was performed to
examine the effect of age, sex, race and body mass index (BMI) on CSFP.
Methods: Electronic medical records from all patients who had a lumbar puncture (LP) performed at the Mayo Clinic from
1996–2009 were reviewed. Information including age, sex, race, height and weight, ocular and medical diagnoses,
intraocular pressure (IOP) and LP opening pressure was obtained. Patients using medications or with medical diagnoses
known to affect CSFP, and those who underwent neurosurgical procedures or where more than one LP was performed were
excluded from analysis.
Results: Electronic medical records of 33,922 patients with a history of having an LP during a 13-year period (1996–2009)
were extracted. Of these, 12,118 patients met all entry criteria. Relative to mean CSFP at age group 20–49 (mean
11.562.8 mmHg), mean CSFP declined steadily after age 50, with percent reduction of 2.5% for the 50–54 age group (mean
11.262.7 mmHg, p,0.002) to 26.9% for the 90–95 group (mean 8.462.4 mmHg, p,0.001). Females had lower CSFP than
males throughout all age groups. BMI was positively and independently associated with CSFP within all age groups.
Conclusion: There is a sustained and significant reduction of CSFP with age that begins in the 6th decade. CSFP is
consistently lower in females. BMI is positively and independently associated with CSFP in all age groups. The age where
CSFP begins to decline coincides with the age where the prevalence of POAG increases. These data support the hypothesis
that reduced CSFP may be a risk factor for POAG and may provide an explanation for the mechanism that underlies the age-
related increase in the prevalence of POAG and NTG.
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Introduction
Primary open angle glaucoma (POAG) is the most common
form of glaucoma, a family of disorders with varying biological
and environmental risk factors. Well-described risk factors for
POAG include elevated intraocular pressure (IOP), advancing age,
African and Hispanic ancestry [1], reduced central corneal
thickness [1–5], and a positive family history. Recent studies
suggest that lower cerebrospinal fluid pressure (CSFP) may
contribute to the risk of developing open angle glaucoma,
including both POAG and normal tension glaucoma [6–8]. The
lamina cribrosa located at the anterior face of the optic nerve is
situated between two pressurized compartments, the intraocular
and subarachnoid spaces, and is the site of retinal ganglion cell
axon loss in glaucoma. Both elevated IOP and reduced CSFP
increase translaminar pressure. It is hypothesized that lower
cerebrospinal fluid pressure acts similarly to elevated IOP at the
optic nerve head, increasing risk for glaucomatous neuropathy.
Retrospective and prospective clinical studies have found that
CSFP is lower in patients with POAG and increased in patients
with ocular hypertension (OHT) [6–9]. Importantly, this hypoth-
esis offers an explanation for the mechanism of disease in patients
with normal tension glaucoma (NTG), which occurs in the absence
of statistically elevated IOP. Conversely, as elevated CSFP would
theoretically reduce the translaminar pressure difference, higher
CSFP could function as a protective factor for glaucoma in
patients with OHT.
Even though the cerebrospinal fluid (CSF) has been studied for
many decades, there is remarkably little published about what
constitutes a ‘‘normal’’ CSFP. The primary method to determine
CSFP in patients is to perform a lumbar puncture (LP). Since
performing an LP carries some risk of adverse events to the
patient, it has generally been reserved for patients suspected of
harboring serious diseases and is rarely performed in otherwise
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healthy subjects. Consequently, current CSFP reference ranges
have been generated from either small groups of volunteers or
from larger, less well-characterized groups [10–12].
The purpose of the current study was to investigate the effect of
age, sex, race, and body mass index on CSFP in a large dataset
based on a long-standing electronic medical record system.
Methods
Patient Selection
This was a retrospective chart analysis from the Mayo Clinic’s
electronic medical records system of patients over age 20 years
who underwent a diagnostic lumbar puncture from 1996 to 2009.
Following Institutional Review Board approval granted from the
Mayo Clinic in Rochester, Minnesota, a list of patients from
December 1, 1996 to December 31, 2009 was generated by
searching for diagnostic lumbar puncture by CPT code 62270. All
subjects were de-identified according to Mayo Clinic protocol.
Lumbar Puncture
At the Mayo Clinic (Rochester, MN) trained teams perform
lumbar punctures in most cases. These teams use a standardized
method that is performed similarly for all patients. Using this
approach, patients are placed in the lateral decubitus position and
either the L3 to L4 or L4 to L5 interspace is identified and
anesthetized. A 3.5-inch 20-g spinal needle with a 3-way stopcock
is inserted into the subarachnoid space. A 550-mm manometer is
attached to the stopcock and the column of CSF fluid is allowed to
equilibrate. The patient is asked to remain still and not to speak.
For some patients, a bedside lumbar puncture may be difficult due
to body habitus or due to other anatomical issues. In those cases,
the lumbar puncture was performed by Radiology under
fluoroscopic guidance. The electronic database extraction does
not indicate which method was used for LP. In either method, the
meniscus of the CSF fluid is read and reported in millimeters of
water. For this study we converted millimeters of water to
millimeters of mercury in order to simplify comparison with IOP
for data analysis and discussion (1 mmHg = 13.6 mm H20).
Extracted Information
Information abstracted from this search included time and date
of lumbar puncture, as well as the time and date of the CSF
analysis. Patient’s age, sex, race, ethnicity, height, and weight were
obtained at the time of LP. A list of up to 15 separate current and
past diagnoses was obtained as well as all medications. Blood
pressures measured at the various visits of the patients who
underwent LP were available for review. Only blood pressures
recorded within one month of the lumbar puncture (either before
or after) were included for analysis. The blood pressure measured
closest to the time of lumbar puncture was selected. If blood
pressure was measured one day before and one day following LP
we used the earlier measurement for analysis.
All admissions or procedures performed at the Mayo Clinic
were reviewed for each patient. BMI for each patient was
calculated manually [BMI = (weight in kilograms)/(height in
meters)2] and rounded to the nearest whole number. BMI less
than 10 and greater than 50 were excluded as these values were
felt to be the result of data entry errors. The height and weight
used for calculation of BMI was performed from measurements
recorded in the hospital stay associated with the LP.
IOP Data
Patients who met initial screening criteria and had an
ophthalmologic exam including IOP measurements within one-
year of the LP were identified. The method of measurement of
IOP was not recorded in the dataset. Patients with POAG or other
eye disease were not excluded from this study (with the exception
of idiopathic intracranial hypertension since it is associated with
altered CSFP). If repeat ophthalmologic exams were performed,
the IOP measurement closest to LP data was used for evaluation.
Right eye, left eye, and the average of both eyes IOP were
regressed against age.
Screening
Information from specific patients was given a unique,
randomly generated identifier and entered into a database.
Patients with medical conditions, head trauma, taking medications
known to alter CSFP, or having a neurosurgical procedure were
excluded. A total of 134 different medications and diagnostic codes
of medical conditions that might affect CSFP were used for
manual screening of all electronic medical records. Filters were
applied regardless of time sequence leading to the LP. For
example, if a patient developed a condition known to alter CSFP
at any time point, they were excluded from the study. All patients
with multiple LPs were excluded. Patients with CSFP values ,60
or .250 mmH2O (,4.41 mmHg or .18.38 mmHg), considered
outside the accepted normal range, were excluded from analysis
[13].
Analysis
Subjects who met all inclusion criteria were stratified into 1, 5
and 10-year age groups. For the purpose of this study, we used
World Health Organization criterion for the age of adulthood,
which is $20 years [14]. Mean CSFP and standard deviation was
calculated for each age group. A two-tailed student’s t-test was
used to measure the difference between each group and to
determine significance. A p-value,0.05 was used for statistical
significance.
Multivariate linear regression models, both segmented and non-
segmented by age, were created for multiple sets of variables. Age,
BMI, sex, race (Black, Caucasian, Asian, Other), presence of
diabetes mellitus (DM), mean arterial pressure (MAP), and time of
LP were regressed for the purpose of determining independent
association with CSFP.
Results
The CPT database extraction protocol identified electronic
medical records for 33,922 patients who had diagnostic lumbar
punctures performed between December 1, 1996 and December
31, 2009. The number meeting initial inclusion criteria was
13,715, which is 40.4% of the original extraction group. The final
dataset used for analysis contained 12,118 patients after exclusion
for CSFP values out of the normal range, age less than 20, and
BMI ,10 and .50. The distribution and demographic data of the
analysis dataset are listed in Table 1 and 2. The age distribution
of the study group was evenly distributed with mean age of 54.4
years615.2, with a median age of 55. Caucasians were the largest
group in this population (79.1%), followed by ‘‘Unknown’’
(17.1%), Black (1.4%), and ‘‘Other’’ (1.0%). Regarding ethnicity,
0.6% self-identified as Hispanic, 17.4% as Not-Hispanic, and
81.9% were documented as ‘‘Unknown.’’ Sex was evenly
distributed between males and females, 49% and 51% respective-
ly. While indications for LP were not included in the extracted
data, the primary diagnosis was available for the medical visit
where the LP was performed. There were a total of 1,404 unique
diagnoses recorded among the patients included in the final
dataset. Of all the patients included in the final dataset, over
Age-Related Reduction of CSFP
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69,041 diagnoses were listed. The top ten primary diagnoses for
the analysis dataset are listed in Table 3.
There was no difference in CSFP values measured by 1, 5, or 10
year age groupings between ages 20 to 49. Therefore we used
mean CSFP for the 20–49 age group as a baseline to compare to
subsequent five-year age groups. Compared to the mean CSFP for
age group 20–49, a statistically significant difference in mean
CSFP was evident in the 50–54 age group (2.5%, p,0.002).
(Table 4 and Figure 1) Mean CSFP progressively decreased for
each subsequent 5-year age group. CSFP reduction was 13.3%
(1.53 mmHg) at age 80, 19.4% (2.23 mmHg) at age 85, and
26.9% (3.09 mmHg) at age 90–95. A similar analysis, which
grouped the study population as young adults (20–49 years), late-
middle age (50–69), and older adults (greater than 70 years), was
Table 1. Derivation of the final study population after
adoption of all entry criteria.
Disposition N Percent
Extracted in data base 13715 100
Excluded* 1597 11.6
- Out of range CSFP values (,4.4 or .18.4) 1152 8.4
- Age #19 532 3.9
- BMI #10 or $50 27 0.2
Included in overall study 12118 88.4
Included in analysis of
BMI out of overall included in study
4314 35.6
*114 were in two exclusion categories.
doi:10.1371/journal.pone.0052664.t001
Table 2. Demographics and disposition of study patients following final screening.
Demographic Statistic All Study Patients Patients with Recorded BMI
N 12118 4314
Age Mean (SD) 54.4 (15.2) 55.0 (15.2)
Min, Median, Max 20, 55, 95 20, 55, 91
BMI N 4314
Mean (SD) 26.7 (5.2) 26.7 (5.2)
Min, Median, Max 10.1, 26.1, 49.1 10.1, 26.1, 49.1
Gender N (%)
- Female 6224 (51) 2250 (52)
- Male 5894 (49) 2064 (48)
Race N (%)
- American Indian/Eskimo 44 (0.4) 20 (0.5)
- Black 171 (1.4) 73 (1.7)
- Caucasian 9586 (79.1) 3409 (79.0)
- Native Hawaiian/Pacific Islander 4 (0.03) 4 (0.1)
- Other 121 (1.00) 43 (1.0)
- Asian 81 (0.7) 23 (0.5)
- Unknown 2073 (17.1) 726 (17.9)
- Choose not to disclose 38 (0.3) 16 (0.4)
Ethnicity N (%)
- Hispanic 73 (0.6) 29 (0.7)
- Not Hispanic 2107 (17.4) 1036 (24.0)
- Unknown 9919 (81.8) 3238 (75.1)
- Choose not to disclose 19 (0.2) 11 (0.2)
doi:10.1371/journal.pone.0052664.t002
Table 3. Top ten primary diagnoses at visit of lumbar
puncture for patients ages 20–95.







3 MULTIPLE SCLEROSIS 397 3.44%
4 HEADACHE 370 3.21%
5 AMYOTROPHIC SCLEROSIS 367 3.18%











10 HYPERTENSION NOS 161 1.40%
N: Number of Patients; % = Percent of all primary diagnoses.
doi:10.1371/journal.pone.0052664.t003
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performed. The 20–49 group had a mean CSFP of 11.5 mm
Hg62.7, which was 5.3% (10.9 mmHg 62.7; p,0.0001) higher
than the 50–69 group, and 13.1% (10.0 mm Hg 62.6; p,0.0001)
higher than the group of older adults, or those greater than 70
years.
To determine the relationship of age and BMI on CSFP, a two-
way analysis of variance was fit to the data. For the subset of
subjects with recorded BMI, stratifications were created by evenly
distributing the N of the subgroups. Both age (p,0.001) and BMI
(,0.001) were significant predictors of CSFP. There was no
difference in the trend of CSFP in the BMI categories over the age
categories (p = 0.611): overall, CSFP was negatively correlated
with advancing age after age 50 and was positively correlated with
BMI regardless of age and within all age groups. (Table 5) This
finding was consistent using either segmented (correlation: 0.223,
standard error [SE]: 0.01; p,0.001) or non-segmented (correla-
tion: 0.23, SE: 0.01; p,0.001) linear regression models, both of
which confirmed that BMI and age are independently associated
with CSFP.
CSFP was significantly different between sexes. On average,
males have a higher CSFP than females by approximately
0.9 mmHg. The rate of change of CSFP with age for males and
females was the same (ages 20–50, p = 0.369; ages 50–95,
p = 0.067). Although this difference was significant, sex as a
variable explains only a small portion of the variability of CSFP in
this dataset (r2 = 0.07, p,0.0001). (Figure 2)
We attempted to look at the effect of race on CSFP with age.
Overall, mean CSFP was higher in Black patients compared to
Caucasians (12.01 mmHg 62.9 and 10.9 mmHg 62.7, respec-
tively). The N for all Black patients within this study was 171, or
1.4% of the dataset. The N was further reduced by incorporation
of other independent factors such as BMI for regression analyses.
The lack of statistical power precluded our ability to determine the
role, if any, between race and ethnicity with CSFP.
Other variables such as blood pressure, diabetes, and the time of
lumbar puncture were examined. Mean arterial pressure (MAP)
within one month of LP was positively, but weakly, correlated with
CSFP (correlation: 0.016, SE: 0.00; p,0.0001). A statistically
significant, but weakly positive correlation exists between MAP
and age in this study group. (r2 = 0.02, p,0.0001). Blood pressure
data was available for approximately one third of patients
(N = 4197 or 34.6%), and the respective model explains only a
small amount of the observed variability in CSFP. CSFP was not
correlated with time of lumbar puncture (correlation: 0.012, SE:
0.01; p = 0.3881) or diabetes mellitus status (correlation: 20.213,
SE: 0.15; p = 0.149).
A subgroup of patients (N = 441) who had IOP and CSFP
recorded were selected for IOP and CSFP analysis. Whereas
CSFP changes significantly with age, there was no statistically
significant difference in mean IOP with age in this group.
(Table 6, Figure 3).
Discussion
There is a growing body of evidence that indicates CSFP is
lower in patients with primary open angle glaucoma compared to
non-glaucomatous subjects and additionally, is lower in normal
tension versus the high tension form of POAG.6–8 If CSFP is
related to the pathogenesis of POAG then it is important to
explore factors that affect CSFP. In this study we report the effect
of age on CSFP. We have found that mean CSFP is stable for the
first 50 years of life after which there is a steady decline. The
observed change in CSFP is substantial, with the mean reduction
in measured CSFP being 3.1 mm Hg (26.9%) by age 90. We also
determined that the effect of age on CSFP is independent of BMI,
and that BMI is positively and independently associated with
CSFP.
The few studies that have examined CSFP and age failed to find
a relationship [11,12,15,16]. In a study of 200 mostly syphilitic
subjects, performed by Masserman in 1935, no significant
correlation was found between age and resting cerebrospinal fluid
pressure in those aged 16 to 48 [7]. Our study corroborates CSFP
stability in this age group. Studies by Ekstedt and, more recently,
Malm were conducted on 100 and 40 subjects respectively [11,16].
No correlation was found between CSFP and age in these studies.
However, after stratification by age, it is likely that these studies
were underpowered to observe this phenomenon. In contrast, the
current study was based on measurements obtained on 12,118
Figure 1. Mean CSFP within specific age groups. Bars represent one standard deviation.
doi:10.1371/journal.pone.0052664.g001
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subjects, a dataset at least two orders of magnitude larger than
previous reports.
Prospective and retrospective studies have shown that BMI is
positively associated with CSFP in different populations [17–19].
In a clinical interventional study of 71 patients in China, Ren and
colleagues identified a positive correlation between BMI and
CSFP [18]. These investigators did not find a significant
relationship between lower CSFP with age. In the present study,
we found that BMI and age independently influence CSFP.
However, whereas CSFP declines beginning in the 6th decade of
life, BMI is positively associated with CSFP in every age group we
studied. A biomechanical explanation for the relationship between
cerebrospinal fluid pressure and body mass index has been
suggested for patients with idiopathic intracranial hypertension
(IIH). Studies of IIH suggest that obesity, in particular central
obesity, increases intra-abdominal pressure, which ultimately
causes an increase in venous pressure and consequently intracra-
nial pressure [20,21]. It is plausible that a similar mechanism is in
play in the entire spectrum of BMI. Interestingly, it has also been
reported that lower BMI is a possible risk factor for glaucoma, or
conversely, increased BMI may be protective [22–24].
We have found that CSFP is higher in males compared to
females within all age groups after controlling for BMI and age.
Although males consistently have higher CSFP values, the model
was unable to pronounce the relationship between advancing age
and sex. If lower CSFP is a risk factor for POAG, this would
suggest that women are at increased risk for POAG. However
most population-based studies have found little difference in
prevalence and incidence between sexes [25–27]. In fact,
Rudnicka and colleagues’ meta-analysis of population-based
studies concluded that, in general, men have a higher prevalence
of POAG than women (OR = 1.37 [1.22, 1.53]) [28,29]. On the
Table 4. Mean cerebrospinal fluid pressure (mm Hg) by age
categories.


























Mean (SD) 10.08 (2.51) ,0.001 12.3
Min/Median/Max 4.41, 10, 18.38
75–79 N 781












Mean (SD) 8.40 (2.35) ,0.001 26.9
Min/Median/Max 5.29, 8.24,
13.24
Percent difference is compared against the 20–49 year age group.
*P-value based on F-test of difference in CSF means between each older age
category and age category 20–49.
**Percentage lower of mean in age category than mean in 20–49 age category.
doi:10.1371/journal.pone.0052664.t004
Table 5. Bivariate analysis of mean cerebrospinal fluid
pressure (mm Hg) as a function of BMI within specific age
groups.
Age N Mean CSFP BMI N Mean CSFP
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other hand, Drance reported that female patients with normal
tension glaucoma have a more rapid progression than males [30].
It may be that the effect of sex on CSFP, 6.5% lower mean CSFP
in women in this study, is too small in existing populations-based
studies. It is also possible that other variables, such as hormonal
influences, exert an effect on POAG risk [23].
We examined the effect of race and CSFP. Mean CSFP
appeared to be higher in Black patients compared to Caucasians.
However, the number of Black patients in this dataset is small
(1.4% of the study population) and is consequently inadequate to
draw a meaningful conclusion on this important topic. For similar
reasons, the effect of the time lumbar puncture is performed, mean
arterial pressure, and diabetes mellitus on CSFP are not possible.
Figure 2. Segmented multivariate linear regression model CSFP (mm Hg) by age and sex. For each year of increase in age, CSFP
decreased 0.009 mmHg (p = 0.132) for age ,50 and by 0.056 mmHg, (p,0.001) for age greater than 50. Prior to age 50, the slope is not different
between males and females (p = 0.369). After age 50, the gender difference in the slope is borderline significant (p = 0.067). The r2 of this model is
0.071.
doi:10.1371/journal.pone.0052664.g002
Figure 3. Average intraocular pressure against age. Formula for the regression: y = 20.01446+15.575, r2 = 0.003.
doi:10.1371/journal.pone.0052664.g003
Age-Related Reduction of CSFP
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Well-powered studies of this type, with a particular focus on the
effect of race would be of great interest.
We have found that CSFP progressively decreases after age 50.
This suggests that either the resistance to CSFP outflow is reduced
or that CSF production decreases with age. Cerebrospinal fluid is
produced in the choroid plexus within the third, fourth, and
inferior horn of the lateral ventricles, and drains in the arachnoid
villi into the cerebral venous system, as well as through lymphatic
channels [31–35]. There is no reported evidence that CSF outflow
resistance decreases with age, rather most studies report CSF flow
resistance increases [34,36]. However, there is evidence that the
choroid plexus undergoes aging changes leading to decreased CSF
production [37–39].
Levels of vasopressin, a hormone that regulates the choroid
plexus, is affected by aging [40]. Vasopressin receptor (V1)
activation in the choroid plexus has been shown to decrease blood
flow and reduce CSF secretion. Vasopressin-secreting neurons
show increased activity with aging. Vasopressin levels are elevated
in the CSF of old rats and in plasma of older humans [41]. May
and colleagues examined the rate of CSF production in 7 young
and 7 elderly healthy normal volunteers [37]. Although opening
CSF pressures were similar between the two groups, the mean
CSF production was reduced by over 50% in the older age group
(0.1960.07 versus 0.4160.24 ml/min, p,0.02). These data
support the role of reduced CSF production rather than increased
drainage as the most likely cause of lower CSFP with age.
We hypothesize that the decline in CSFP with age in
conjunction with essentially stable IOP would produce an age-
related increase in the translaminar pressure gradient. These
findings carry potentially major implications for risk of POAG
with age. A study by Morgan et al found that the mechanical effect
of altering CSFP on the lamina cribrosa is equivalent to or greater
than altering IOP [42,43]. Assuming equivalence for IOP and
CSFP on the translaminar pressure gradient, we can examine the
effect of a similar rise in IOP on POAG risk using data provided
by population-based studies. In the Baltimore Eye Survey the
relative risk of POAG increased from 2.8 for an IOP group of 19–
21 mmHg to 12.8 for IOPs of 22–24 mmHg, a 4 fold increase in
risk produced by an average 3 mmHg increase in IOP [44]. The
Beaver Dam Eye Study reported that patients with glaucoma had
an average IOP of 20.1 mmHg compared to 15.3 mmHg in
unaffected controls, which represents a mean difference of
approximately 5 mmHg [45]. The Tajimi Eye Study [46] is of
particular interest since over 90% of untreated POAG cases had
an IOP at diagnosis within the normal range. These investigators
found that a rise of 4 mmHg increased POAG risk 2 fold even
within the normal IOP range. These studies support the notion
that relatively small increases in IOP and therefore the
translaminar pressure gradient, similar to those induced by age
on CSFP observed in this study, may be associated with substantial
changes in relative risk for POAG.
The time frame for age-dependent reduction in CSFP mirrors
that seen for the rise in POAG prevalence in population-based
studies performed in the United States and globally. In the United
States, the Baltimore Eye Survey, Beaver Dam Eye Study, and the
Los Angeles Latino Eye Study have all found that POAG
prevalence begins to rise in the 5th and 6th decades and
progressively increases through the 8th or 9th decades
[1,44,45,47–49]. Studies conducted in Australia, Europe, China,
and Japan describe similar trends [50–59]. Taken together the
hypothesized effect of a reduction of CSFP with age is compatible
with observed increases in the prevalence of POAG that are
consistently observed in populations throughout the world. This
hypothesis may be particularly applicable in the Hispanic and
Japanese populations where the great majority, 80% and 92%,
respectively, of those with POAG have a normal IOP at the time
of diagnosis. Interestingly, a genome-wide association study of
POAG identified a genetic locus on chromosome 8q22 that is
strongly associated with normal pressure glaucoma and contains
putative regulatory sites that are active in choroid plexus epithelial
cells, the cell type responsible for CSF production [60].
We recognize several limitations in this study. Although the
dataset is robust in size this is still subject to the challenges
encompassed by a retrospective analysis. While diagnoses were
available for each of these patients, it was not possible to review
the actual individual medical records for accuracy, although
studies of accuracy between ICD-9 codes and actual medical
records have demonstrated acceptable congruency [61,62]. Some
information from the CSF analysis, including cell counts and
differentials, were not available so it is possible that subjects with
abnormal CSF parameters were inadvertently included in the
analysis. Similarly, although data were carefully reviewed to
exclude conditions that affect CSFP, it is possible that some
subjects developed conditions for which they would have been
excluded at a later date or some conditions may exert a currently
unknown influence on CSFP.
Another important consideration is the interpretation of the
values reported in this study. Lenfeldt found that CSFP measured
by lumbar puncture accurately represents intracranial pressure as
long as the patient is in the lateral decubitus position [63].
However, the intracranial pressure differs from that within the
orbital CSF space due to differences in fluid dynamics. Further-
more, altering position, for example upright to supine posture,
induces substantial changes in CSFP [64,65]. These positional
CSFP changes occur routinely, as do changes from diurnal
variation.
This study utilized a ‘‘snapshot’’ in time for a single individual
so these values do not reflect CSFP as a function of time for any
particular patient or group of patients. Additionally, this study did
not discriminate between bedside lumbar punctures in the lateral
decubitus position and fluoroscopy-guided lumbar punctures
which may account for minor differences in pressures. Despite
these limitations, we feel that the robust patient dataset
compensates for many of these limitations.
Finally, the coefficient of determination (r2) in the majority of
the regression models indicates that the group of predictors chosen
(age, sex, BMI, race) together are only modestly predictive of
CSFP. This highlights the need to investigate and identify other
variables that may impact CSFP.
Table 6. Intraocular pressure, cerebrospinal fluid pressure,
and translaminar pressure difference by age groups.
Age IOP AVG CSFP N TLPd Difference* P value
20–49 14.9 10.5 178 4.4
50–59 14.9 11.3 106 3.6 0.41% 0.884
60–69 14.7 9.9 75 4.8 1.39% 0.746
70–79 14.7 8.3 65 6.4 1.43% 0.726
.80 13.8 7.6 17 6.2 7.36% 0.193
The percentage difference is calculated by mean IOP average of each age group
against mean IOP average at age 20–49; significance measured by two-tailed
Student’s t-test. IOP: intraocular pressure; CSFP: cerebrospinal fluid pressure; TLPd:
translaminar pressure difference.
doi:10.1371/journal.pone.0052664.t006
Age-Related Reduction of CSFP
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In conclusion, these data support the hypothesis that CSFP may
play a role in the pathogenesis of POAG through its contribution
to translaminar pressure. CSFP decreases significantly and steadily
after age 50. The observed change in CSFP with age parallels the
rise in prevalence of POAG and is of a magnitude that is sufficient
to produce a significant increased risk for glaucoma. This finding
offers a previously unrecognized mechanism to help explain age-
related risk for POAG in general, and for the large number of
patients with statistically normal IOP in particular. If cerebrospi-
nal fluid pressure is in fact an important factor in the pathogenesis
of glaucoma, this could possibly introduce new avenues for
therapeutics, assessment of glaucoma risk and estimation of
progression.
Acknowledgments
We would like to thank Mr. Francis Aning for his help in extracting data
from the medical records system at Mayo Clinic.
Author Contributions
Conceived and designed the experiments: DF JPB MPF RRA. Performed
the experiments: DF JZ. Analyzed the data: DF JPB JZ SSS MPF RRA.
Contributed reagents/materials/analysis tools: DF SSS. Wrote the paper:
DF JPB MPF RRA.
References
1. Francis BA, Varma R, Vigen C, Lai MY, Winarko J, et al. (2011) Population
and High-Risk group screening for glaucoma: The Los Angeles Latino Eye
Study. Invest Ophthalmol Vis Sci, 52(9):6257–6264
2. Herndon LW, Weizer JS, Stinnett SS (2004) Central corneal thickness as a risk
factor for advanced glaucoma damage. Arch Ophthalmol. 122:17–21
3. Gordon MO, Beiser JA, Brandt JD, Heuer DK, Higginbotham EJ, et al. (2002)
The Ocular Hypertension Treatment Study: baseline factors that predict the
onset of primary open-angle glaucoma. Arch Ophthalmol. 120:714–720
4. Wu RY, Zheng YF, Wong TY, Cheung CY, Loon SC, et al. (2011) Relationship
of central corneal thickness with optic disc parameters: The Singapore Malay
Eye Study. Invest Ophthalol Vis Sci. 52(3):1320–1324
5. Saenz-Frances F, Garcia-Feijo J, Janez L, Borrego-Sanz L, Martinez de la Casa
JM, et al. (2011) Comparing corneal variables in healthy subjects and patients
with primary open-angle glaucoma. Invest Ophthalmol Vis Sci. 52(6):3683–
3688
6. Berdahl JP, Allingham RR, Johnson DH (2008) Cerebrospinal fluid pressure is
decreased in primary open-angle glaucoma. Ophthalmology 115:763–8
7. Berdahl JP, Fautsch MP, Stinnett SS, Allingham RR (2008) Intracranial pressure
in primary open angle glaucoma, normal tension glaucoma, and ocular
hypertension: a case-control study. Invest Ophthalmol Vis Sci 49:5412–8
8. Ren R, Jonas JB, Tian G, Zhen Y, Ma K, et al. (2010) Cerebrospinal Fluid
Pressure in Glaucoma: A Prospective Study. Ophthalmology 117:259–266
9. Ren R, Zhang X, Wang N, Li B, Tian G, Jonas JB (2011) Cerebrospinal fluid
pressure in ocular hypertension. Acta Ophthalmol. 89(2):e142–8
10. Gilland O, Tourtellote WW, OTauma L, Henderson WG (1974) Normal
cerebrospinal fluid pressure. J Neurosurg. 40(5):587–93.
11. Malm J, Jacobsson J, Birgander R, Eklund A (2011) Reference values for CSF
outflow resistance and intracranial pressure in healthy elderly. Neurology.
76(10):903–9.
12. Masserman JH (1935) Cerebrospinal hydrodynamics. VI. Correlations of the
pressure of the cerebrospinal fluid with age, blood pressure and the pressure
index. Arch Neurol Psychiatry. 34(3):564–566.
13. Fishman R (1992) ‘‘Pseudotumor cerebri and related disorders.’’ Cerebrospinal
Fluid in Disease of the Nervous System. 2nd edition. Philadelphia, PA: W. B. Saunders
Company: 71–151.
14. World Health Organization (1995) ‘‘Physical status: the use and interpretation of
anthropometry. Report of a WHO Expert Committee.’’ WHO Technical Report
Series: 854. Geneva, World Health Organization.
15. Czosnyka M, Czosnyka ZH, Whitfield PC, Donovan T, Pickard JD (2001) Age
dependence of cerebrospinal pressure-volume compensation in patients with
hydrocephalus. J Neurosurg. 94(3):482–6.
16. Ekstedt J (1978) CSF hydrodynamic studies in man. 2. Normal hydrodynamic
variables related to CSF pressure and flow. J Neurol Neurosurg Psychiatry.
41(4):345–53.
17. Fleischman D, Allingham RR, Berdahl J, Fautsch M (2011) Body mass, spinal
fluid, and glaucoma. Ophthalmology. 118(6):1225–6; author reply 1226.
18. Ren R, Wang N, Zhang X, Tian G, Jonas JB (2012) Cerebrospinal fluid pressure
correlated with body mass index. Graefes Arch Clin Exp Ophthalmol
250(3):445–6
19. Berdahl JP, Fleischman D, Zaydlarova J, Stinnett SS, Allingham RR, Fautsch
MP (2012) Body Mass Index has a linear relationship with Cerebrospinal Fluid
Pressure. Invest Ophthalmol Vis Sci. 53(3):1422–7.
20. Karahalios DG, Rekate HL, Khayata MH, Apostolides PJ (1996) Elevated
intracranial venous pressure as a universal mechanism in pseudotumor cerebri of
varying etiologies. Neurology. 46(1):198–202
21. Sugerman HJ, DeMaria EJ, Felton WL, Nakatsuka M, Sismanis A (1997)
Increased intra-abdominal pressure and cardiac filling pressures in obesity-
associated pseudotumor cerebri. Neurology. 49(2):507–11
22. Leske MC, Connell AM, Wu SY, Hyman LG, Schachat AP (1995) Risk factors
for open-angle glaucoma. The Barbados Eye Study. Arch Ophthalmol 113:918–
24.
23. Pasquale LR, Willett WC, Rosner BA, Kang JH (2010) Anthropometric
Measures and their Relation to Incident Primary Open-Angle Glaucoma.
Ophthalmology 117:1521–9.
24. Ramdas WD, Wolfs RC, Hofman A, de Jong PT, Vingerling JR, et al. (2011)
Lifestyle and risk of developing open-angle glaucoma: The Rotterdam Study.
Arch Ophthalmology 129(6):767–72
25. Tielsch JM, Sommer A, Katz J, Royall RM, Quigley HA, et al. (1991) Racial
variations in the prevalence of primary open-angle glaucoma: The Baltimore
Eye Survey. JAMA 266(3):369–374.
26. Nizankowska MH, Kaczmarek R (2005) Prevalence of glaucoma in the Wroclaw
population. The Wroclaw epidemiological study. Ophthalmic Epidemiol.
12(6):363–71.
27. Nizankowska MH, Kaczmarek R (2004) Prevalance of open angle glaucoma and
ocular hypertension as a risk factor for primary open angle glaucoma in
Wroclaw population: Wroclaw Epidemiology Study. Klin Oczna. 106 (1–2
Suppl):147–52
28. Rudnicka AR, Mt-Isa S, Owen CG, Cook DG, Ashby D (2006) Variations in
Primary Open-Angle Glaucoma Prevalence by Age, Gender, and Race: A
Bayesian Meta-Analysis. Invest Ophthalmol Vis Sci. 47(10):4254–4261
29. Leske MC (2007) Open-Angle Glaucoma-An epidemiologic overview. Ophthal-
mic Epidemiology. 14:166–172
30. Drance S, Anderson DR, Schulzer M (2001) Risk factors for progression of
visual field abnormalities in normal-tension glaucoma. Am J Ophthalmol
131:699–708
31. McComb GJ, Hyman S (1984) Lymphatic drainage of cerebrospinal fluid in the
cat. In: Hydrocephalus. Eds: Shapiro K, Marmarou A, Portnoy H. New York:
Raven Press: 83–97
32. McComb GJ, Hyman S (1990) Lymphatic drainage of cerebrospinal fluid in the
primate. In: Pathophysiology of the Blood-Brain Barrier. Eds: Johansson BB,
Widner H. New York: Elsevier Science Publishers: 421–37
33. Zakharov A, Papaiconomou C, Koh L, Djenic J, Bozanovic-Sosic R, et al. (2004)
Integrating the roles of extracranial lymphatics and intracranial veins in
cerebrospinal fluid absorption in sheep. Microvasc Res 67: 96–104
34. Nagra G, Johnston MG (2007) Impact of ageing on lymphatic cerebrospinal
fluid absorption in the rat. Neuropathology and Applied Neurobiology 33: 684–
691
35. Papaiconomou C, Zakharov A, Azizi N, Djenic J, Johnston M (2004)
Reassessment of the pathways responsible for cerebrospinal fluid absorption in
the neonate. Childs Nerv Syst 20: 29–36
36. Albeck MJ, Skak C, Nielsen PR, Olsen KS, Borgesen SE, et al. (1998) Age
dependency of resistance to cerebrospinal fluid outflow. J Neurosurg 89: 275–8
37. May C, Kaye JA, Atack JR, Schapiro MB, Friedland RP, et al. (1990)
Cerebrospinal fluid production is reduced in healthy aging. Neurology. 40(3 Pt
1):500–3.
38. Redzic ZB, Preston JE, Duncan JA, Chodobski A, Szmydynger-Chodobska J
(2005) The choroid plexus cerebrospinal fluid system: from development to
aging. Curr Top Dev Biol 71: 1–52
39. Serot JM, Bene MC, Faure GC (2003) Choroid plexus, aging of the brain, and
Alzheimer’s disease. Front Biosci 8:s515–21
40. Faraci FM, Mayhan WG, Heisted DD (1990) Effect of vasopressin on
cerebrospinal fluid production: possible role of vasopressin V1 receptors.
Am J Physiol. 258:R94–99.
41. Frolkis VV, Kvitnitskaia-Ryzhova T, Dubiley TA (1999) Vasopressin,
hypothalmo-neurohypophyseal system and ageing. Arch Geront Ger 29:109–
214.
42. Morgan WH, Yu D, Alder VA, Cringle SJ, Cooper RL, et al. (1998) The
Correlation between Cerebrospinal Fluid Pressure and Retrolaminar Tissue
Pressure. Invest Ophthalmol Vis Sci. 39:1419–1428
43. Morgan WH, Chauhan BC, Yu DY, Cringle SJ, Alder VA, et al. (2002) Optic
disc movement with variations in intraocular and cerebrospinal fluid pressure.
Invest Ophthalmol Vis Sci. 43(10):3236–42
Age-Related Reduction of CSFP
PLOS ONE | www.plosone.org 8 December 2012 | Volume 7 | Issue 12 | e52664
44. Sommer A, Tielsch JM, Katz J, Quigley HA, Gottsch JD, et al. (1991)
Relationship between intraocular pressure and primary open angle glaucoma
among White and Black Americans. Arch Ophthalmol 109:1090–1095
45. Klein BE, Klein R, Linton KL (1992) Intraocular Pressure in an American
Community. The Beaver Dam Eye Study. Invest Ophthalmol Vis Sci.
33(7):2224–8
46. Iwase A, Suzuki Y, Araie M, Yamamoto T, Abe H, et al. (2004) The prevalence
of primary open-angle glaucoma in Japanese. The Tajimi Study. Ophthalmol-
ogy 111:1641–8.
47. Klein BE, Klein R, Sponsel WE, Franke T, Cantor LB, et al. (1992) Prevalence
of glaucoma: the Beaver Dam Eye Study. Ophthalmology. 99:1499–1504.
48. Francis BA, Varma R, Chopra V, Lai MY, Shtir C, et al. (2008) Intraocular
pressure, central corneal thickness, and prevalence of open-angle glaucoma: the
Los Angeles Latino Eye Study. Am J Ophthalmol. 146(5):741–6.
49. Friedman DS, Eye Diseases Prevalence Research Group (2004) Prevalence of
open-angle glaucoma among adults in the United States. Arch Ophthalmol.
122(4):532–8.
50. Quigley HA, Broman AT (2006) The number of people with glaucoma
worldwide in 2010 and 2020. Br J Ophthalmol. 90(3):262–7
51. Mitchell P, Smith W, Attebo K, Healey PR (1996) Prevalence of open-angle
glaucoma in Australia. The Blue Mountains Eye Study. Ophthalmology
103:1661–9.
52. Wensor MD, McCarty CA, Stanislavsky YL, Livingston PM, Taylor HR (1998)
The prevalence of glaucoma in the Melbourne Visual Impairment Project.
Ophthalmology 105:733–9.
53. Anton A, Andrada MT, Mujica V, Calle MA, Portela J, et al. (2004) Prevalence
of primary open-angle glaucoma in a Spanish population. The Segovia Study.
J Glaucoma 13:371–6.
54. Bonomi L, Marchini G, Marraffa M, Bernardi P, De Franco I, et al. (1998)
Prevalence of glaucoma and intraocular pressure distribution in a defined
population. The Egna-Neumarkt Study. Ophthalmology 105:209–15.
55. Cedrone C, Culasso F, Cesareo M, Zapelloni A, Cedrone P, et al. (1997)
Prevalence of glaucoma in Ponza, Italy: a comparison with other studies.
Ophthalmic Epidemiology 4:59–72.
56. Dielemans I, Vingerling JR, Wolfs RC, Hofman A, Grobbee DE, et al. (1994)
The prevalence of primary open-angle glaucoma in a population-based study in
The Netherlands. Ophthalmology 11:1851–5.
57. Foster PJ, Oen FT, Machin D, Ng TP, Devereux JG, et al. (2000) The
prevalence of glaucoma in Chinese residents of Singapore. A cross-sectional
population survey of the Tanjong Pagar District. Arch Ophthalmol 118:1105–
11.
58. Shiose Y, Kitazawa Y, Tsukahara S, Akamatsu T, Mizokami K, et al. (1991)
Epidemiology of glaucoma in Japan—a nationwide glaucoma survey.
Jap J Ophthalmol 35:133–55.
59. Yoshida M, Okada E, Mizuki N, Kokaze A, Sekine Y, et al. (2001) Age-specific
prevalence of open-angle glaucoma and its relationship to refraction among
more than 60,000 asymptomatic Japanese subjects. J Clin Epidemiol 54:1151–8.
60. Wiggs JL, Yaspan BL, Hauser MA, Kang JH, Allingham RR, et al. (2012)
Common variants at 9p21 and 8q22 are associated with increased susceptibility
to optic nerve degeneration in glaucoma. PLoS Genet. 8(4):e1002654.
61. Dixon J, Sanderson C, Elliot P, Walls P, Jones J, et al. (1998) Assessment of the
reproducibility of clinical coding in routinely collected hospital activity data: a
study in two hospitals. J Public Health Med. 20(1):63–9
62. Campbell SE, Campbell MK, Grimshaw JM, Walker AE (2001) A systematic
review of discharge coding accuracy. J Public Health Med 23(3):205–11
63. Lenfeldt N, Koskinen LOD, Bergenheim AT, Malm J, Eklund A (2007) CSF
pressure assessed by lumbar puncture agrees with intracranial pressure.
Neurology. 68:155–158
64. Magnaes B (1976) Body position and cerebrospinal fluid pressure. Part 1: clinical
studies on the effect of rapid postural changes. J Neurosurg Jun;44(6):687–97
65. Magnaes B (1976) Body position and cerebrospinal fluid pressure. Part 2: clinical
studies on orthostatic pressure and the hydrostatic indifferent point. J Neurosurg.
Jun;44(6):698–705
Age-Related Reduction of CSFP
PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e52664
